ABSTRACT
Introduction
Numerous aspects of flower bud formation in temperate fruit plants have been largely discussed (7, 8, 16, 18, 40) . In spite of that, a great part of the most important characteristics of flower bud formation remains insufficiently clarified both by theoretical biology and applied horticulture (7) .
Flower bud formation is a complex phenomenon. Considering the flower bud formation genes to be a basic factor in its occurrence, and formation of gametes in the time of meiosis as a final event, Wellensiek (46) formulated the statement that the initial reasons for formation of flowers can be defined as "something happening between flower formation genes and the meiosis". This statement is still valid (7) .
The morphological pattern of flower bud formation in apple has been described in detail (3, 12, 14, 18) . In contrast, documentation of the gene activities underlying floral transition in perennials, including apple, is relatively limited (31) . Based on eight morphologically distinct stages of shoot apex development, prior to winter dormancy, the apple has been defined as a useful system for future genetic, molecular and physiological studies (12) .
In this review, we focus on recent studies giving information on the nature of some homeotic apple genes and their presumable role in the apple flowering. Because genetic control of flowering is best understood for herbaceous species, the literature for flowering of some model annuals will be reviewed briefly first, to serve as a framework for discussion of flowering in apple.
Genetic control of flowering in some annual plants
Two distantly related dicotiledons, Arabidopsis thaliana (L.) Heynh and Antirrhinum majus L., used as model plants, are among the favorite species for the genetic study of flower development (44) . The most striking advances in our understanding of genetic control of flowering have come from work on Arabidopsis (24, 32) . Genes that affect flowering time have been identified through analyses of natural variation in different ecotypes and through characterization of induced mutations. There are at least four pathways that control flowering time in Arabidopsis (24, 47) . Two of these pathways appear to monitor the endogenous developmental state of the plant. The floral repression pathway may be built-in mechanism that prevent flowering until the plant has reached a certain age or size. The autonomous promotion pathway is believed to antagonize this repression as the plant develops. Flowering involves the sequential action of two groups of genes: those that switch the fate of the meristem from vegetative to floral (floral meristem identity genes), and those that direct the formation of the various flower parts (organ identity genes).
Some of the first isolated and characterized flower homeotic genes, such as AGAMOUS (AG), LEAFY (LFY), APETALA (AP1) and CAULIFLOWER (CAL) in Arabidopsis (17, 27, 35, 45, 48) as well as FLORICAULA (FLO), DEFICIENS (DEF) and SQUAMOSA (SQUA) in Antirrhinum (10, 15, 36) were shown to control floral meristem and/or flower organ identity. AP1, AG, SQUA, CAL and DEF are members of a family of transcription factors which contain the MADS-box, a conserved DNA binding domain (9, 15, 27 (26) . This repression is thought to result from TFL1 both delaying the up regulation of LFY and AP1 and also preventing a response to these genes in the inflorescence meristem (6, 33) . Conversely, cooperative activity of LFY, AP1 and CAL bars TFL1 expression in the floral meristems produced on the periphery of the inflorescence meristems (25, 34) . Classical genetics has identified a sizable number of genes regulating flower development in different annual plants, and many of these genes have been cloned (44) . Molecular cloning facilitates the generation of gain-of-function alleles, which are useful to clarify regulatory interactions between different genes. On the base of LFY, AP1, AP2 and CAL mutant observation it was suggested that in wild-type Arabidopsis plants the four floral meristem identity genes act collectively, enhancing each other' expression and acting additively on target genes to promote floral meristem identity (32) . This additive activity might enable plants to make a sharp transition between vegetative and reproductive development (4). CAL positively regulates both AP1 and AP2. Despite the interrelationships between floral meristem identity genes, ectopic and high-level expression of a single gene (LFY or AP1) can be sufficient to specify floral development (28) . AP1 expression is under the control of two negative regulators: the meristem identity gene TFL1 represses AP1 RNA accumulation in the inflorescence meristem, and the organ identity gene AG prevents AP1 RNA accumulation in the two inner whorls of wild-type flowers (13) . Overlapping functions of some genes suggest that inactivation of a single gene can be partially compensated by other genes.
Different architectures in Antirrhinum, Arabidopsis, or tobacco may occur by changing the expression of CFN-like genes or their antagonists, such as FLO and FLY or SQUA and AP1 (2, 5, 9, 15, 25, 28, 33, 34) . For example, over-expression of CEN-like genes in Antirrhinum and tobacco plants delays flowering time. These genes appear to act via a similar molecular mechanism that indirectly delays the upregulation of floral meristem identity genes. Furthermore, Antirrhinum and tobacco are diverse species that have very different architecture. In transgenic plants from different species constitutively expressing floral meristem identity genes lateral meristems that normally would be shoots can be converted into flowers. It appears that there is a model for the molecular control of plant architecture that has been conserved between distantly related indeterminate and determinate species.
The characterization of genes that control the meristem behavior has provided the first details of how flower meristems are structured and how their identities are specified, but some interesting questions regarding the genes remain unanswered (26) . What factors activate the transcription of LFY and AP1 in flower primordia? How does the shoot apical meristem become competent to respond to LFY and AP1? What mechanisms allow the non-cell-autonomas interactions between meristemidentity genes? The pace of recent progress indicates that the answers to these and other questions about meristem structure and identity will soon be known, engendering new set of questions.
Genetic control of floral initiation and development in apple
Advances in understanding of the genetic control of floral initiation in annuals such as Arabidopsis thaliana and Antirrhinum majus have provided a platform from which horticultural trees can be studied. There is some evidence that the mechanisms through which environmental stimuli control floral initiation are similar between annual plants and horticultural trees in general. However, temperate deciduous tree apple, flowers autonomously with floral initiation dependent on aspects of vegetative development in the growing season before anthesis (47) . Orthologues of Arabidopsis flowering genes have been identified in several tree species. Studies to determine the function of these genes generally involve correlation of gene expression with floral initiation and development or transgenic studies, where flowering genes from the perennial species are inserted into a related perennial species or Arabidopsis. Some of the first homeotic genes of floral development in apple have been isolated from the 'Fuji' apple (Malus domestica Borkh.) and their expression patterns have been examined (37, 38, 39) . These genes are designated MdMADS1-MdMADS4. They show high sequence similarity to some MADS-box genes from Arabidopsis or Antirrhinum. MdMADS1 is expressed in the inflorescence meristem and in the floral meristem. The expression of both MdMAD1 and MdMADS2 genes is higher at the early stages of flower development, suggesting these genes play important role in the initiation of flower organs. MdMADS3 is expressed in the inner three whorls of the flower primordia but its expression is hardly detectable in developing fruits. MdMADS4 is expressed ubiquitously in the inflorescence meristem, floral meristem, all flower organs and in the fruit including embryos of developing seeds, which suggests that a single MADS-box gene may have different functions at different stages of development. The spatial and temporal patterns of MdMADS4 can provide good accounts at genetic and molecular levels of the important events that take place in the flower and of the developmental events leading to the setting of fruit (39) .
Seven new clones corresponding to different genes, MdMAD5 to MdMADS11, have been isolated from the apple cv. 'Granny Smith' (49) . The apparent mRNA level for MdMADS5 to MdMADS10 is lower in unpollinated flowers but markedly increases in fruit tissue 2 days after pollination. One, four and eight weeks after pollination these genes are expressed in fruit tissues (core, cortex and skin) with some differences in expression. The gene MdMAD11 shows a similar expression level and pattern in flowers, fruit at several early developmental stages, and for different fruit tissues. Of the seven MADS-box clones isolated, six are classified into the APETALA1 group, and MdMADS10 is classified into the AGAMOUS group. On the bases of temporal and special differences of expression of MdMADS5 to MdMADS11 genes, the authors postulate that these genes play several different roles in apple development. In Arabidopsis AP1 is expressed if flower primordia and determines the development of sepals and petals (27) . MdMADS5, which is highly homologous to AP1, is preferentially expressed in cortex and skin of apple fruits (49) . This is consistent with the probable origin of these tissues from sepal and petal bases. Some apple MADS-box genes, namely MdMADS12-MdMADS15, are expressed not only in reproductive organs but also in vegetative tissues of adult as well as juvenile apple trees, which suggests that they may be functional in different developmental stages (41) . MdMADS12 may be involved in transition from the juvenile to the adult stage in apple.
Apple MdAP1 (Malus sylvestris var. domestica AP1) gene, homologous to SQUAMOSA/APETALA1, as well as AFL (Apple Floricaula/Leafy), homologous to FLORICAULA/ LEAFY of Antirrhinum and Arabidopsis, have been isolated from the cv.'Jonathan' (21). MdAP1 is identical to the corresponding sequence of MADS-box gene, MdMADS5, which has been isolated from 'Granny Smith' apple (49) . MdAP1 is expressed specifically in sepals, concurrent with sepal formation, and in young fruits (21) . By contrast, AFL gene is expressed in reproductive and vegetative organs such as apical buds and leaves. It is strongly expressed in apical meristem, at the beginning of floral bud initiation, as well in sepals but weakly expressed in the petals and carpels. The results suggest that AFL function during the flower morphogenesis at later developmental stages as well as at the early developmental stages of floral bud formation. AFL may be involved in floral induction to a greater degree than MdAP1 since AFL show increased transcription about two months earlier than MdAP1. AFL1 and AFL2, orthologues of FLORICAULA/LEAFY, have been isolated from apple floral apex during the vegetative-toreproductive phase transition and their expression in various tissues has been detected (43) . AFL1 is expressed only in the floral buds just before the phenotypic change of the floral apexes, whereas AFL2 is expressed in vegetative shoot apex, floral buds, floral organs and roots. Characterization of the apple LFY homologues/orthologues as well as MdAP1 should advance the understanding of the processes of floral initiation and floral development in apple.
While studying juvenility in apple trees, Kotoda and Wada (20) cloned Malus domestica TFL1 (MdTFL1), a gene highly homologous to the Arabidopsis TFL1 and Antirrhinum CEN, which maintain the identity of inflorescence meristem. MdTFL1 is expressed in apple vegetative tissue, such as apical buds, seedling stems and roots but not in reproductive tissue such as floral organs. The expressing of a gene is strong about 8 weeks after full bloom (WAFB), approximately 2 weeks prior to the initiation of floral bud formation and gradually decreases. MdTFL1 is possibly involved in the regulation of floral induction in the period of 6 to 8 WAFB, which is thought to be critical for the determination of meristem identity in apple (12, 21) .
Recently, two different types of cDNAc for LFY homologues were isolated from six maloid species, namely AFL1-Fuji and AFL2-Fuji for apple, PpLFY-1 and PpLFY-2 for Japanese pear, PcLFY-1 and PcLFY-2 for European pear, CoLFY-1 and CoLFY-2 for quince, CsLFY-1 and CsLFY-2 for Chinese quince, and EjLFY-1 and EjLFY-2 for loquat (11) . The presence of two different LFY homologues in maloid plants may reflect the polyploidy origin of Maloideae. Regardless of the types and species, the two LFY homologues were expressed in buds where flower primordia are formed, suggesting that both homologues could play an important rove in floral bud formation in the subfamily Maloideae of the Rosaceae. As with LFY, two different types of cDNA for TFL1 were isolated from each maloid species studded, namely MdTFL1-1 and MdTFL1-2 for apple, PpTFL1-1 and PpTFL1-2 for Japanese pear, PcTFL1-1 and PcTFL1-2 for European pear, CoTFL1-1 and CoTFL1-2 for quince, CsTFL1-1 and CsTFL1-2 for Chinese quince, and EjTFL1-1 and EjTFL1-2 for loquat. TFL homologues were transcribed mainly in buds before floral differentiation.
Factors that control the transition from the juvenile to the reproductive phase in apple
In the development of all woody plants from seed there are two distinct phases, juvenile and adult. Apple has a juvenile phase of 4-8 years, which means that breading programmers for favorable traits related to fruit production and fruit quality take a long time (41) . Breeding apple trees often takes more than 20 years, including period of cross pollination, seedling selection, and regional trials to produce varieties that meet consumer demands (19) . It is important to accelerate flowering through reduction of the juvenile phase in order to facilitate the earliest possible production of fruit. Various practical techniques have been considered to accelerate the flowering and fruiting of seedlings. The most effective way seems to be to grow the seedlings from germination under conditions conductive to rapid growth (1) . Grafting the seedlings onto dwarfing rootstocks hastens their flowering (42) . Grafting seedlings onto bearing trees, ringing, scoring, bark inversion, root pruning and sprays with growth retardants may stimulate earlier flowering when applied to older seedlings, but where these methods have been effective, the juvenile phase probably already has passed and the seedlings are in transition (50) . It would, however be difficult to reduce the juvenile phase of apple seedling to less than 4 years under normal conditions even if they are grafted on dwarfing rootstock (19) . The length of the juvenile phase can be influenced more effectively by genetic factors.
Knowledge of the genes governing the transition from the juvenile to adult stage during which reproductive growth is initiated may facilitate selection of apple plants with shortened juvenile phase and may enable interference in the processes governing this transition (41) . Ectopic expression is a useful method with which to analyze the influence of expression of the genes that regulate development processes in apple (38) . Because it is a long procedure to generate and analyze transgenic apple trees and their flowers, some model annual plants have been employed in order to get an idea on the functions of the isolated apple genes (20, 22, 38, 43) . Ectopic expression of AFL1, AFL2 and MdMADS5 in Arabidopsis and MdMADS2 in tobacco under control of the 35S cauliflower mosaic virus (CaMV) promoter causes early flowering, whereas ectopic expression of MdTFL1 in Arabidopsis causes late flowering. Analysis of expression patterns and functions of the studied apple genes driven in Arabidopsis or tobacco suggest that using transgenic approaches it is possible to regulate the development processes during the juvenile phase in apple.
Constitutive expressions of genes that promote flowering, such as LFY and AP1, is one of the two possible ways to produce woody plants with precocious flowering (19, 23) . The other way is the suppression of genes that delay flowering, such as TFL1, by antisense expression, co-suppression, or RNA interference (RNAi). In order to clarify the function of the apple gene MdTFL1, which is homologous to TFL1, the authors have produced transgenic 'Orin' apple trees expressing MdTFL1 antisence RNA. Transformed and nontransformed shoots of tissue culture have been grafted onto seedling or dwarfing rootstock and then grown in a greenhouse. Some of the transgenic 'Orin' trees have flowered only 8 to 11 months after the transfere to the greenhouse, whereas the nontransformed control plants have not flowered in nearly 6 years. The expression of endogenous MdTFL1 has been suppressed in transgenic lines that show precocious flowering. The expression level of the transgen has been correlated with the reduction of the juvenile phase. Flower organs of transgenic apple trees have been normal in appearance and have set fruit and seeds. Interestingly, some flowers have developed without undergoing dormancy. These results suggest that MdTFL1 has a key role in the regulation of juvenility, flower induction and flower development in apple. According to the authors reduction of the generation time by the use of this transgenic approach to suppress endogenous TFL1-like genes may be applicable not only to fruit trees but also to the other woody plants that have a long juvenile period.
Conclusions
Elucidating the genetic factors that control flower bud formation in fruit species, especially in apple, is an active area of research. Characterization of floral genes may advance understanding of the processes of floral initiation and flower development. The use of transgenic technologies may help to reduce the long juvenile phase in apple. This should considerably speed up its breeding time.
